) in out-house dust during four seasons. The PBDE concentrations in the autumn were the lowest for both in-and out-house dust. Among the detected PBDEs, BDE209 was the predominant congener, accounting for more than 80% of the total PBDE amounts. The bioaccessibility of PBDEs, measured using a simulation system of human gastrointestinal tract, was determined as 14.2-66.4% depending on individual PBDE congeners and showed significant negative correlations with organic matter in dust. After corrected with the bioaccessibility of PBDEs, the human daily intake of PBDEs via dust ingestion was calculated to be 0.4-21.4 and 4.3-40.6 ng day −1 for an average adult and child in Shanghai, respectively. The values were much lower than most estimates in the literature, in which the bioaccessibility of PBDEs were not taken into account, suggesting that the intake of PBDEs may have been overestimated.
Introduction
Polybrominated diphenyl ethers (PBDEs) are a class of additive brominated flame retardants with 209 congeners. Three types of commercial products of PBDEs were available with three different levels of bromination, i.e., penta-, octa-, and deca-BDE products (La Guardia et al., 2006) . The major environmental sources of PBDEs include PBDEcontaining products, such as polyurethane, computers, and televisions (Jones-Otazo et al., 2005) . Similar to polychlorinated diphenyls (PCBs), a class of traditional persistent organic pollutants (POPs), PBDEs can undergo long-range transport to remote regions, accumulation in animal tissues, and biomagnification through food chains (Wang et al., 2007) . The presence of PBDEs in animal and human tissues is of great concern because of their toxicity on neurobehavior and developing brain, and their potential ability to cause disruption on hormone functions (Costa and Giordano, 2007; Darnerud, 2003; Harrad et al., 2010; McDonald, 2002; Suzuki et al., 2007) . On May 8, 2009 , the 4th meeting of the Conference of the Parties of the Stockholm Convention on POPs decided to list commercial penta-and octa-BDE products as priority-controlled POPs (UNEP/POPS/COP.4/17, 2009).
The main routes of human exposure to PBDEs include food consumption, inhalation of PBDE-contaminated air, and ingestion of dust, in particular, house dust (Frederiksen et al., 2009; Harrad et al., 2010; Jones-Otazo et al., 2005) . House dust is a heterogeneous mixture of biologically derived materials, such as skin, hair, mites, and fungus spores, particulate matter from indoor aerosols (e.g., cooking and heating emission, and cigarette smoke), and soil brought in by foot traffic . In recent years, many studies have demonstrated that house dust was loaded with PBDEs Harrad et al., 2010; Huang et al., 2010; Jones-Otazo et al., 2005; Stapleton et al., 2005) . Accidental ingestion of house dust, e.g., on the surface of food or by hand-to-mouth transfer, therefore represents an important pathway of human exposure to PBDEs, especially for young children, because they are often in close contact with floors and dusty surfaces and have a greater propensity to put their hands and objects in their mouths .
To more reasonably evaluate the human health risk associated with PBDE exposure via dust ingestion, the oral bioavailability of dustborne PBDEs, defined as the PBDE fraction that reaches the systemic circulation, should be investigated and be used in the estimation of human intake (Oomen et al., 2002) , because PBDEs ingested by humans may not be all absorbed. In the human body, the intestinal absorption is generally considered to consist of two processes. The first process is that the contaminant of interest is mobilized in the gastrointestinal tract from the matrix, which is dust in this case. The fraction of the contaminant mobilized is defined as bioaccessibility. The second process is that the released (which is referred to as bioaccessible) contaminant is transported across the intestinal epithelium and then reaches the systemic circulation. The amount of the bioaccessible contaminant is considered the maximum of the contaminant potentially available for uptake across the intestinal lumen (Oomen et al., 2001 ). However, the human oral bioavailability is hard to obtain since the direct investigation of the bioavailability poses both practical and ethical problems. As a result, the bioavailability data are usually obtained through experiments on animals, which, in turn, are expensive and time/labor-consuming. Consequently, bioaccessibility, measured by in vitro experiments simulating the digestion process in the human gastrointestinal tract, is often used as a substitute of bioavailability (Dean and Ma, 2007; Guney et al., 2010; Tang et al., 2006; Van de Wiele et al., 2004) . However, few researchers have considered the bioavailability or bioaccessibility of PBDEs in the assessments of human exposure to PBDEs (Yu et al., 2011a) , especially through ingestion of house dust (Fromme et al., 2009; Lorber, 2008) .
Over recent years, the seasonal variations of PBDEs in the air have been investigated, and it was found that the PBDE concentrations in indoor and outdoor air were generally higher in the warm months than those in the cold months St-Amand et al., 2008) . It has been proposed that such variations should be taken into consideration when sampling the air for the purpose of human exposure assessment . Since PBDEs can partition between the air and dust, such variations may also be present in dust. If it is true, the variations should be considered when evaluating human exposure to PBDEs via dust ingestion as well. However, up to now, few investigations on the seasonal variations of PBDEs in house dust have been carried out Batterman et al., 2009; Harrad et al., 2008a) , and the associated human daily intake is still unknown. Therefore, the primary objective of the present study is to investigate the seasonal variations of PBDEs in house dust and evaluate the associated human daily intake of PBDEs via dust ingestion by residents in Shanghai, China. Shanghai is a very population-dense city, most people actually conduct "outdoor" activities near houses, thus exposing to dust around houses. Hence, we rationalized that the dust around houses should also be considered to obtain a complete picture of PBDE exposure through ingestion of dust. In this regard, besides indoor dust, the dust around houses was also collected and investigated. The two types of dust samples were referred to as in-and out-house dust in this paper, respectively. Moreover, importantly, the bioaccessibility of PBDEs in the dust samples were determined and added to the calculation of the human daily intake via dust ingestion.
Materials and methods

Sampling and sample preparation
A total of 44 in-house and 44 corresponding out-house dust samples were collected from 11 homes in 11 different districts of Shanghai, China, during four seasons from the autumn in 2008 to the summer in 2009. In-house dust was collected from the floor in the living room and bedrooms by vacuuming the floor, sofa, and electric appliances with a small vacuum cleaner. Before sample collections, the vacuum cleaner was thoroughly cleaned. Usually, 0.5-1 g of dust was collected. As a field blank, anhydrous Na 2 SO 4 powder was spread across a clean marble floor and collected in the same manner as the dust samples. Meanwhile, the corresponding out-house dust samples were also collected. Typically, the surface dust from three positions around houses was collected and then mixed (about 2-3 g). After collection, all samples were stored in clean amber glass containers and taken back to the laboratory. All the dust samples were passed through a 250 μm sieve (dust finer than this size was assumed to be readily ingested) to remove coarse particles and other residues, lyophilized, and then stored at −18°C until the time of use.
Because the sample (especially, the in-house dust samples) collected from one home was usually not enough for determination of the PBDE bioaccessibility and the organic matter (OM) content, the 11 in-house or out-house dust samples collected during the same season were combined after the concentrations of PBDEs in the individual samples were measured, resulting in eight combined dust samples (the in-and out-house dust samples at four seasons). The individual dust samples were all mixed without considering their own weights. The concentrations of PBDEs in the combined dust samples were measured to ensure the mass balance analyses of PBDEs before and after the in vitro digestion (see Section 2.2) and to investigate the relationships between the PBDE bioaccessibility and PBDE concentrations normalized against the OM contents, and PBDE concentrations and the OM contents.
Analytical protocols
PBDE concentrations in the dust samples were determined by Soxhlet extraction and gas chromatography/mass spectrometry (GC/ MS) as reported previously with modifications (Huang et al., 2010) . Thirteen PBDE congeners, including BDE17, 28, 47, 66, 100, 99, 85, 154, 153, 138, 183, 190 , and 209, were quantified. Typically, the dust samples (0.2 g) with the surrogate standard 13 C-PCB141 were extracted with n-hexane:acetone (1:1, v:v) for 72 h. The extracts were concentrated, added to 30 mL of n-hexane, and then treated with concentrated H 2 SO 4 (10 mL) to remove colored matters. The organic phases were loaded onto a multilayer silica-alumina column and then a gel permeation column to remove other compounds interfering with analyses of PBDEs (Yu et al., 2011a) . After the internal standard was added, the organic solutions (50 μL) obtained were stored at − 18°C until the time of analyses. Determination of the bioaccessibility of PBDEs was performed using an in vitro method simulating the fasting stomach with modifications (Laird et al., 2007) , which has been validated in our laboratory (Yu et al., 2011b ). The method was described briefly as follows. Typically, the dust samples (0.36 g) were added to the artificially prepared gastric solutions (48 mL) and were incubated at 37°C for 2 h. The pH values of the mixtures were 1.6-1.9. The artificially prepared intestinal solutions in phosphate buffer (24 mL) containing bile were then added. The mixtures had a pH at 7.0 and contained bile at 5.5 g L −1
. After being incubated for 6 h, the mixtures were centrifugated at 3000 ×g for 10 min. The supernatants were filtered with polypropylene fiber membranes (0.45 μm) and the pellets were extracted using acetone (3 × 20 mL) with sonication (30 min each time). PBDEs in the supernatants were extracted. The extracts were treated using concentrated H 2 SO 4 and then cleaned using multilayer silica-alumina chromatography and gel permeation chromatography. The internal standard 13 C-PCB208 (Cambridge Isotope Laboratories, USA) was added, and the solutions (10 μL) were stored at −18°C until the time of analyses. The extracted solutions in acetone obtained from the pellets were concentrated to about 1 mL and were then subjected to the same procedure as the supernatants as described above.
To investigate the factors affecting the bioaccessibility of PBDEs, the OM contents of the eight combined dust samples were measured by the loss-on-ignition method as described in the literature with modifications (Khan et al., 2008; Périé and Ouimet, 2008) . Briefly, the dust samples (0.2 g), after dried at 105°C for 2 h, were ashed at 550°C in a muffle furnace for several hours until the weights did not change. The OM contents were obtained by dividing the masses of loss-onignition by the masses of the samples.
Quantification of tri-to hepta-BDE congeners was achieved through using GC/MS under negative chemical ionization mode as described previously 2011a) . However, for the analysis of BDE209 (the deca-BDE congener), an HP-5MS capillary column (12 m × 0.25 mm × 0.25 μm, J & W Scientific, USA) was used. The oven temperature of GC was programmed from 110°C to 300°C (held for 10 min) at a rate of 10°C min −1 . The ions at m/z = 486.7 and 488.7 under selective ion monitoring mode were monitored.
Quality assurance/quality control (QA/QC)
Quality assurance was done by analyses of procedural and field blanks. For each batch of 6 samples, a procedural blank was processed. The values obtained were used as the background, which were subtracted from the values obtained with the samples. One of every 20 samples was repeated to ensure the reproducibility, and generally, the relative standard deviations between the duplicate samples were less than 20%, but for PBDE congeners with very low concentrations, much higher relative standard deviations were observed. Seven working solutions of the PBDE standard (from 0.5 to 100 ng mL
for tri-to hepta-BDE congeners and from 20 to 3,000 ng mL −1 for BDE209, respectively) in iso-octane were used. Calibration plots had excellent linear regression coefficients for all of the congeners (R 2 N 0.99). The reported concentrations were not corrected against the surrogate standard ( 13 C-PCB141) recoveries, which were 101.0 ± 9.8% and 96.3 ± 10.6% for the measurements of the concentrations and bioaccessibility of PBDEs, respectively. The PBDE-spiked dust was used to examine the recovery of the analytical methods for the measurements of PBDE concentrations, and the recoveries were generally in the range of 88-140% depending on individual congeners. For the measurements of the PBDE bioaccessibility, the recoveries were generally in the range of 60-150% for the mass balance analyses of PBDEs before and after the in vitro digestion. The limit of detection (LOD) varied from 0.08 to 0.2 ng g −1 for tri-to hepta-BDE congeners and was 0.9 ng g −1 for BDE209. The concentration of a PBDE congener below LOD was reported as zero. All experiments determining the bioaccessibility of PBDEs, the OM contents, and the PBDE concentrations in the eight combined samples were performed in triplicate.
Statistical analysis
The statistical analyses were performed using SPSS 11.5 for Windows. The differences between data were analyzed using t-test or one-way analysis of variance (ANOVA). Data were log-transformed prior to one-way ANOVA because it was found that the data were not normally distributed, but conformed to normal distribution after logtransformation. The correlations between two variables, e.g., the concentrations of PBDEs and OM contents in dust, were analyzed with simple linear regression. A p-value of less than 0.05 was considered to indicate statistical significance.
Results and discussion
Concentrations of PBDEs
PBDEs were detected in all samples. The concentrations of 13 PBDE congeners in the samples were listed in Table 1 . The sum concentrations of the 13 congeners (∑ 13 C PBDE ) ranged from 131.6 to 3,886.7 ng g −1 with an average of 948.2 ng g −1 and a median of 695.7 ng g −1 for in-house dust, and from 8.7 to 3,116.3 ng g −1 with an average of 290.8 ng g −1 and a median of 127.0 ng g −1 for out-house dust during the four seasons. The PBDE concentrations in in-house dust were significantly higher than those in corresponding out-house dust (p b 0.001). It was expectable because many Table 1 Concentrations (ng g , was not included.
household products, e.g., computers, televisions, and foam in sofa, contain PBDEs, which can be released from the products during their use (Jones-Otazo et al., 2005) . In general, PBDEs are emitted indoors and then moved outdoors (Butt et al., 2004; JonesOtazo et al., 2005) . The presence of the sources of PBDEs, smaller space, and weaker air circulation indoors inevitably lead to higher concentrations of gaseous and particulate phase PBDEs indoors than outdoors. Furthermore, weaker air circulation indoors also increases the deposition of fine particles, and PBDEs are more likely to be adsorbed onto the surface of fine particles rather than coarse particles (Wei et al., 2009; Zhang et al., 2009 ). The PBDE concentrations obtained above were lower than those reported in a recent study by Huang et al. (2010) , in which the concentrations of 10 PBDE congeners (including BDE209) in 76 in-house and 43 out-house dust samples collected in three Chinese cities, i.e., Guangzhou, Haikou, and Wuhan, ranged from 186.6 to 9,654 ng g −1 with an average of 2,662 ng g −1 for in-house dust and from 100.9 to 3,304 ng g −1 with
an average of 1096 ng g −1 for out-house dust. Our results were also lower than the PBDE concentrations in dust from homes in Hong Kong, Shenzhen, and Guangzhou, three cities around the Pearl River Delta, which ranged from 685 to 18,385 ng g −1 with a median of 1,941 ng g −1 and an average of 4,203 ng g −1 (Kang et al., 2011) . In addition, the PBDE concentrations in in-house dust in the present study were much lower than those observed in North America and UK (780-520,000 ng g −1 ) (Harrad et al., 2008b; Wilford et al., 2005) , but were comparable with those in Japan (240-730 ng g ) (Tan et al., 2007) , and Australia (500-1,300 ng g −1 ) (Sjödin et al., 2008) .
Seasonal variations of PBDEs
The seasonal variations of PBDEs showed a small difference between in-and outhouse dust. The average concentrations of PBDEs in in-and out-house dust were ranked as summer N winter N spring N autumn, and spring N summer N winter N autumn, respectively (Table 1) . It needed to be noted that, the seasonal differences among the spring, summer, and winter were not statistically significant, but the concentrations of PBDEs in the autumn were significantly lower than those in other seasons for both in-and outhouse dust by testing with one-way ANOVA (p b 0.05). The seasonal variations were similar to those observed in other studies on gaseous and particulate phase PBDEs in the air (Bossi et al., 2008; Hazrati and Harrad, 2006; Moon et al., 2007) . However, it appeared that other authors did not observe similar seasonal variations Batterman et al., 2009; Harrad et al., 2008a) . This might be attributed to differences in the experimental designs and analysis of data. For examples, Batterman et al. (2009) reported the PBDE concentrations in house dust only in the spring and summer; Harrad et al. (2008a) investigated the within-room temporal variability in PBDE concentrations over a 9-10 month period, but presented the data by month rather than by season and did not specify the real month (i.e., January, February, etc.); Allen et al. (2008) also investigated average concentrations of PBDEs in house dust only from January to March and from October to November. Hence, it was difficult for our results to be directly compared to those in the literature.
Temperature and wet deposition might be the major factors to affect the seasonal variations. As reported by Zhang et al. (2009) , temperature is the most influential factor on the emission rates of PBDEs. Higher temperature leads to higher emission rates of PBDEs from household products. Therefore, it was not surprising that the concentrations of PBDEs in in-house dust were the highest in the summer. On the other hand, the room temperature in the winter was low, but the effect of temperature was offset by poor ventilation, thus still leading to high concentrations of PBDEs in in-house dust. In the spring and autumn, the residents in Shanghai usually open windows to ventilate, thus lowering down the PBDE concentrations in indoor air and in-house dust. For outhouse dust, wet deposition might be the major factor to cause the seasonal variations. The plentiful rainfall in the spring and summer in Shanghai could wash down fine particles in the air. A study by Jurado et al. (2005) showed that wet deposition was dominant in comparison to other atmospheric deposition mechanisms for halogenated pollutants and particle scavenging accounted for more than 90% of the total scavenging flux, especially for higher halogenated pollutants. Smaller particles loaded more PBDEs than larger particles (Wei et al., 2009; Zhang et al., 2009 ) and thus higher PBDE concentrations were observed in out-house dust in the spring and summer. The autumn in Shanghai is usually dry and windy, lack of wet deposition, blowing away of fine particles, and increased volatilization might be the reasons why the PBDE concentrations in out-house dust were the lowest in the autumn. The speculation obtained support from the observation that the particulate-bound PBDE concentrations in outdoor air were generally the highest in the autumn (St-Amand et al., 2008) .
Another feature of the seasonal variations was that out-house dust exhibited a considerably larger variation than in-house dust (Table 1) . For in-house dust, the difference of the PBDE concentrations between the highest and the lowest was only approximately two times. In contrast, for out-house dust, the difference reached approximately ten times. This could partly be attributed to a smaller variation of temperature indoors than outdoors due to the use of air conditioning. However, for outhouse dust, other possibilities, including debromination of PBDEs under sunlight and partition of PBDEs between the air and particles (i.e., volatilization), could not be excluded. It has been reported that BDE209 and BDE99 could undergo debromination under sunlight to form lower brominated congeners (e.g., BDE183 and BDE47) (Anbezares-Cruz et al., 2004; Soderstrom et al., 2004) , which could obtain support from the observation that the BDE47:(BDE99 + BDE100) ratios in out-house dust exhibited greater scattering than those in in-house dust (Fig. 1) . The greater scattering of data in out-house dust was reflected in its larger standard deviation (1.2, and the value for inhouse dust was 0.8). Furthermore, the BDE47:(BDE99 + BDE100) ratios in out-house dust also deviated more from those in commercial penta-BDE products, i.e., DE71 (the ratio is 0.6) and Bromkal 70-5DE (the ratio is 0.8) in comparison with in-house dust. The deviations were able to be quantitated by computing the p values of data against the ratios in DE71 and Bromkal 70-5DE. The four p values obtained were as follows: for in-house dust, b0.001 (DE71) and 0.017 (70-5DE); for out-house dust, 0.010 (DE71) and 0.115 (70-5DE). Obviously, out-house dust exhibited greater p values, indicating that deviations of data in out-house dust from the ratios in commercial products were more severe than those in in-house dust. Thus, the results might reflect that out-house dust was subjected to more environmental processes, e.g., sunlight, temperature, deposition, volatilization, etc., thus leading to larger changes on the BDE47:(BDE99+BDE100) ratios over in-house dust.
PBDE congener profiles
The composition patterns of PBDE congeners with the same numbers of bromine atoms can give indications of the origin of PBDEs. BDE209 was the predominant congener in both in-and out-house dust (Fig. 2) , accounting for 87.8% and 83.2% of the amounts of the total 13 PBDE congeners in in-and out-house dust, respectively. This was attributable to the widespread usage of commercial deca-BDE products, such as Saytex 102E and Bromkal 82-0DE. Similar results in soil and house dust samples were reported elsewhere in China (Duan et al., 2010; Huang et al., 2010; Kang et al., 2011) . The next predominant congener was BDE183 (a hepta-BDE congener), one of the primary congeners found in octa-BDE products but not present in penta-and deca-BDE products (La Guardia et al., 2006) , which accounted for 2.3% and 3.9% of the total PBDE amounts in in-and out-house dust, respectively. Other dominant congeners included BDE99 and BDE47, present in penta-BDE products, each of which accounted 2.5-3.5% of the total PBDE amounts. Overall, the four congeners were dominant in all dust samples, accounting for more than 90% of the total PBDE amounts. The congener distributions indicated that deca-BDE products made a major contribution to PBDEs in dust, followed by penta-and octa-BDE products. 
Bioaccessibility of PBDEs and the correlation with OM
The bioaccessibility of an individual PBDE congener in the dust samples was calculated using the following equation:
where Ba(%) is the bioaccessibility of the PBDE congener; m s−p and m p−p (pg) are the masses of the PBDE congener in the supernatant and pellet after digestion, respectively. The bioaccessibility of PBDEs in the eight combined dust samples were listed in Table 2 . The bioaccessibility of PBDEs in in-house dust was significantly lower than those in out-house dust during the autumn and winter with p b 0.001. The bioaccessibility of individual PBDE congeners in the samples ranged from 14.2% to 66.4%, which were slightly higher than the bioaccessibility of PBDEs (tri-to hepta-BDEs ranged from 27% to 42%, BDE209 ranged from 7% to 14%) in a house dust standard reference material (NIST SRM 2585) reported by Lepom et al. (2010) . In that study, the bioaccessibility of BDE209 was lower than those of tri-to hepta-BDEs, which was also observed in the present study. The bioaccessibility of BDE209 in our study varied between 14.2% and 23.4%, whereas those of other congeners ranged from 15.6% to 66.4%. It could not be explained by hydrophobicity, because there were generally no statistically significant negative correlations between the bioaccessibility and logK OW (octanol-water partition coefficient) of PBDE congeners (data not shown). Lepom et al. (2010) also observed that, for tri-to hepta-BDEs, the bioaccessibility of individual congeners was independent on the degree of bromination. A similar case between the bioaccessibility of dioxins/furans in soil and the degree of chlorination was reported by Ruby et al. (2002) . Thus, all these observations suggested that hydrophobicity was not the main factor to affect the PBDE bioaccessibility. It was speculated that volatilization might play a primary role here. BDE209, which is not volatile, more likely is present in its original status in the polymer matrix (Webster et al., 2009) , whereas the lower brominated congeners more likely are emitted from the polymer matrix and then adsorbed on the surfaces of dust particles. Therefore, compared with lower brominated congeners, it was harder for BDE209 to be released during digestion, leading to lower bioaccessibility. It should be noted that some authors, such as Abdallah (2009) , thought that low bioaccessibility of BDE209 and γ-hexabromocyclododecane should be attributed to its very low solubility. Although the speculation was based on limited data, still it illustrated the need of more research in this area.
To explore the possible factors to affect the bioaccessibility of PBDEs, the OM contents and the PBDE concentrations in the dust samples were determined (Table S1 ). In-house dust was found to contain more OM than out-house dust, which was probably attributed to the presence of more anthropogenic matter, such as skin, scraps from sofa, carpet, and household electronic appliances. On the other hand, out-house dust more likely contains particles originated from dry and wet deposition or from soil, thus having lower OM contents. Although only a part of individual PBDE congeners showed significant negative correlation between the bioaccessibility and OM contents (Table S2 ), a significant negative correlation was observed between the average bioaccessibility of the 13 PBDE congeners and the OM contents (Fig. 3A) , which was similar to the results obtained with PCBs (Pu et al., 2006) . PBDEs are lipophilic organic molecules and their binding to OM is expected to be stronger than that to inorganic matter. The binding would hinder the release of PBDEs during the digestion process. The higher the OM content is, the stronger the binding of PBDEs to the matrix is, and thus the lower the bioaccessibility of PBDEs is. In addition, in-house dust contains scraps from various household products, to which PBDEs were added in their manufacture. On the contrary, out-house dust generally contains more inorganic particles, and PBDEs are adsorbed on the surfaces of the particles. Consequently, the release of PBDEs in out-house dust during digestion were easier than that in in-house dust, leading to higher bioaccessibility.
It was interesting that there was a negative correlation with a borderline p value (0.056) between the average bioaccessibility of the 13 PBDE congeners and ∑13CPBDE (Fig. 3B) , and also concentrations of most individual PBDE congeners (Table S2) . It seemed to be inconsistent with our previous finding that there were no correlations between the bioaccessibility and the concentrations of PBDEs (Yu et al., 2009 ). However, a deeper analysis on this issue revealed that the above observation was not contradictory to the previous finding. The bioaccessibility of PBDEs negatively correlated with the OM contents in dust, i.e., the higher the OM contents are, the lower the bioaccessibility of PBDEs are. On the other hand, the PBDE concentrations exhibited positive correlations with the OM contents (Fig. 3C) , namely, the higher the OM contents are, the higher the PBDE concentrations are. Therefore, the bioaccessibility of PBDEs showed a negative correlation with the PBDE concentrations, but the correlation was caused by different OM contents. To confirm this, the PBDE concentrations were normalized against the corresponding OM contents. As expected, no correlation (R 2 = 0.084, p = 0.485) was found between the average bioaccessibility of PBDEs and the normalized total PBDE concentrations. Since BDE209 was the predominant contributor to the total PBDEs, it was possible that BDE209 masked behaviors of other congeners. To find if it was true, the relationships between the concentrations of all individual congeners and the OM contents, and between the bioaccessibility of all individual congeners and PBDE concentrations normalized against the OM contents were examined through calculating the R 2 and p values (Table S2) .
With the exception of BDE66 (p = 0.048), the p values between the bioaccessibility of individual congeners and PBDE concentrations normalized against the OM contents were all larger than 0.05 (see the far right column in Table S2 ), indicating that BDE209 did not mask behaviors of other congeners. In-house Out-house
The others BDE47 BDE99 BDE183 BDE209 Fig. 2 . Profiles of PBDE congeners in the in-and out-house dust samples.
Daily intake of PBDEs
Our approach to estimate the human daily intake of PBDEs via dust ingestion considered the bioaccessibility and portions of PBDEs from in-and out-house dust. The time spent indoors per day is 21 and 19 h for adults and children according to the US EPA Exposure Factors Handbook (EPA, 1997), which are 87.5% and 79.2% (or expressed as fractions of 0.875 and 0.792) of the time of a day, respectively. In addition, the time that people spend indoors and outdoors is assumed not to change with seasons and the ingestion rates for in-and out-house dust are the same. Therefore, the bioaccessible concentrations, i.e., the concentrations of PBDEs corrected with the bioaccessibility (Kulkarni et al., 2007) , could be calculated as follows: 
where C Adults and C Children are the bioaccessible concentrations of a PBDE congener for adults and children, and C I and C O are the concentrations of the PBDE congener in inand out-house dust, respectively. Consequently, the PBDE daily intake (m PDI ) via dust ingestion can be calculated according to the following formula:
where
) is the sum of the bioaccessible concentrations of the 13 PBDE congeners, m DID (mg day
) is the daily intake of dust by adults or children. The m DID values of 4.16-100 and 55-200 mg day −1 were used for adults and children, respectively (Cunha et al., 2010; Harrad et al., 2006; Takigami et al., 2009 ).
The calculated daily intake of PBDEs via dust ingestion for adults and children was listed in Table 3 . The daily intake of PBDEs during the four seasons ranged from 0.4 to 21.4 ng day −1 and from 4.3 to 40.6 ng day −1 for adults and children, respectively, which was comparable with those in Germany (Fromme et al., 2009 ), but was lower than the estimations in most studies (Table 4) . This was mainly attributed to the use of the bioaccessibility of PBDEs in calculations of the daily intake. Indeed, if the bioaccessibility of PBDEs were not considered, the daily intake of PBDEs would be from 1.9 to 104.6 ng day −1 and from 22.5 to 193.1 ng day −1 for adults and children, respectively, which were comparable to those reported in other studies (Table 4) . Up to now, researches on the bioaccessibility of PBDEs in dust are still very limited. Bioaccessibility is an important issue because it is critical to reasonably assess the human exposure risk to PBDEs. At present most studies have probably overestimated the human exposure to PBDEs because the bioaccessibility was not considered. In the present study, the bioaccessibility of PBDEs was determined under the conditions to simulate the fasting stomach. However, in the real world dust might be ingested together with food or digested under fed stomach. It is very likely that the food components will greatly affect the bioaccessibility of PBDEs in dust. Indeed, we have observed the effects of the contents of food components on the bioaccessibility PBDEs in food 2011a) . It has been reported that the bioaccessibility of PAHs and PCBs in soil increased in the presence of milk (Hack and Selenka, 1996) . In addition, house dust contains a wide range of particulate sizes with varying OM contents and composition, and these factors may influence the bioaccessibility of PBDEs. Obviously, more studies on the issues are warranted.
Conclusion
Dust is one of the main sources of human exposure to PBDEs. In the present study, the concentrations of PBDEs in in-and out-house dust collected in Shanghai during four seasons were measured. The results showed that the concentrations of PBDEs in in-house dust were significantly higher than those in out-house dust. The seasonal variation of the concentrations of PBDEs in in-house dust was smaller than that in out-house dust, and the autumn was the season with the lowest PBDE concentrations for both in-and out-house dust. BDE209 The range of estimated daily intake of PBDEs after corrected with the bioaccessibility of PBDEs measured via simulating human gastrointestinal digestion process. c The range of estimated daily intake of PBDEs (assuming that all ingested PBDEs were available for uptake, i.e., the bioaccessibility of PBDEs was 100%).
was the predominant congener. The bioaccessibility of PBDEs in dust were measured using an in vitro method simulating human gastrointestinal tract. The PBDE concentrations and bioaccessibility were significantly correlated with the OM contents in dust. The human daily intake of PBDEs for adults and children was much lower than most estimates due to the use of the bioaccessibility of PBDEs in the assessments.
Supplementary materials related to this article can be found online at doi:10.1016/j.envint.2011.05.012. a Unless specified otherwise, the daily intake was calculated through multiplying the daily intake of dust by the PBDE concentrations in the dust samples, and the time that people spent indoors and outdoors was not considered. b Samples were collected from an e-waste area (rural). c Samples were collected from the reference site (urban). d The bioaccessibility of BDE47, 99, 100, 153, 183, and 209 were 94, 78, 93, 90, 90, and 90%, respectively. e Assume that dust ingestion is 94.6% in house and 5.4% in car for adults, and 96.2% in house and 3.8% in car for children. f Assume that dust ingestion is 90% indoors and 10% outdoors. The bioaccessibility of BDE28, 47, 99, 100, 138, 153, 154, 183, and 209 was 90, 94, 78, 93, 90, 86, 90, and 90%,  respectively.
